We propose and analyze surface-plasmon-driven electron spin currents in a thin metallic film. The electron gas in the metal follows the transversally rotating electric fields of the surface plasmons (SPs), which leads to a static magnetization gradient. We consider herein SPs in a thin-film insulator-metal-insulator structure and solve the spin diffusion equation in the presence of a magnetization gradient. The results reveal that the SPs at the metal interfaces generate spin currents in the metallic film. For thinner film, the SPs become strongly hybridized, which increases the magnetization gradient and enhances the spin current. We also discuss how the spin current depends on SP wavelength and the spin-diffusion length of the metal. The polarization of the spin current can be controlled by tuning the wavelength of the SPs and/or the spin diffusion length.
Introduction
Surface plasmons (SPs) are excitations localized at a metal-dielectric interface and are composed of electromagnetic waves coupled with plasma oscillations of the electron gas in the metal. SPs propagate along the metal-dielectric interface as evanescent waves in both the metallic and dielectric parts of the interface. Note that evanescent waves have transverse spin, in which the electric field rotates in the direction perpendicular to the propagation direction [1] , whereas the spin of an ordinary plane wave is parallel or antiparallel to its propagation direction. The spin direction is uniquely determined by the propagation direction and the decay direction [2] . This is the so-called spin momentum locking effect of evanescent waves, and is observed in many systems, such as in total internal reflection configuration, in optical fibres, and lossy interfaces [3] [4] [5] [6] . SPs are no exception to this trend and have transverse spin in both the metal and the dielectric media [7] [8] [9] [10] [11] [12] .
Because the SP frequency is below the plasma frequency, the electron gas coupled with a SP follows the circularing electric field of the SP, and the orbiting motion of the electrons thus-generated produces a static and inhomogeneous magnetization in the metal because of the evanescent intensity profile of SPs. Since the electric current generated by inhomogeneous magnetization has zero divergence, this magnetization has been considered undetectable by electrical measurements [13] . However, we reveal that not only charge currents but also electron-spin currents are generated by this magnetization and that both can be detected.
In general, a metal can support two types of electronic transport: charge currents and spin currents. Recently, the spintronics community has reported that inhomogeneous effective magnetic fields generate spin currents [14] [15] [16] [17] . Electron spin currents are generated when electrons are driven by spin-dependent force potentials created by an inhomogeneous effective magnetic field (e.g., spin-orbit coupling [14] and spin-vorticity coupling [15] [16] [17] ). In other words, a Stern-Gerlach-like effect drives the electron-spin current.
In this paper, we consider SPs in a thin film of non-magnetic metal and investigate whether the SPs drive spin currents (see FIG. 1 ). There is a mechanism where plasmonmagnon interaction produces spin currents at metal-magnetic material interfaces [18, 19] . Compared to these previous studies, the significant point in our study is that the transverse spin of the SPs in the thin film together with the spin-momentum locking can be an alternative way to generate pure spin currents from light without any magnetic field or magnetic substances. We solve the spin diffusion equation with inhomogeneous magnetization created by the SPs and show that SPs in a thin film lead to spin accumulation and diffusive currents. We use Gaussian units throughout this paper. Figure 1 . Angular-momentum conversion from surface plasmon to electron spin in a metallic thin-film system. The film thickness is d. The upper surface is at x = +d/2 and the lower surface is at x = −d/2. In the metallic film, the surface plasmon mode on the upper surface is hybridized with that on the lower surface. The electric field of a hybridized surface plasmons rotates transversally in the metallic film, thereby creating at inhomogeneous magnetization M (x) via the inverse Faraday effect [13, [20] [21] [22] . This inhomogeneous magnetization drives the electron spin current j s , which exerts a Stern-Gerlach-like effect on the conduction-electron spins in the metal.
Surface plasmons in a thin film
Following the literature [23] , we derive the dispersion relations and the corresponding eigenmodes in order to calculate the spin angular momenta of the eigenmodes in the next section. We begin by considering a transverse-magnetic mode propagating in the +z direction in a thin film system:
where we have defined the wavenumber k. Note that we omit the time-dependent factor e −iωt throughout this paper. Using the monochromatic Maxwell equations
gives simultaneous equations for the field amplitudes:
We use
where i and m are the permittivities of the insulator and the metal, respectively. Because we are interested in waves that are localized at the film surface, we choose solutions that vanish as x → ±∞. Calculating the transverse-field quantities, E z (x) and H y (x), from Eqs. (3a), (3b), and (4) and imposing the standard continuity conditions of the transverse fields at x = ±d/2, we can get the following simultaneous equations in the matrix form:
The condition for the existence of nontrivial solutions to Eq. (6) is
which gives the dispersion relation for SPs in the metallic-film system:
In (8),
The first eigenmode in Eq. (9) gives the dispersion relation
FIG. 2 shows the dispersion curves and the corresponding field distributions of SPs in a metallic-film system. The dispersion curve has an upper branch ω + (k) and a lower branch ω − (k), which we call the antibinding mode and the binding mode, respectively. This splitting is due to the hybridization between the SP on the upper interface and the SP on the lower interface, both of which are originally subject to the same dispersion (see the gray curve in FIG. 2) . The splitting increases as the thickness of the film thins because the SPs are hybridized more strongly. As depicted in FIG. 2, the field distribution is symmetric (antisymmetric) on the antibinding (binding) branch, which implies that the distribution of electric charge in the film is symmetric (antisymmetric) on the antibinding (binding) branch. Depending on the mode, the electrostatic interaction between the two interfaces is either repulsive or attractive (which explains why the mode on the upper branch is called the antibinding mode, and the mode on the lower branch is called the binding mode).
Inhomogeneous magnetization induced by surface plasmon
We now investigate the spin-angular-momentum (SAM) density of SPs on a thin metallic film. We use the Minkowski representation to calculate the SAM:
where we use a Gaussian-unit factor g = (8πω) −1 , group permittivity˜ = d(ω ) dω , and permeabilityμ = d(ωµ) dω . The use of the group permittivity and permeability corrects the dispersion of the SAM density.
As previously shown in the literature [13] , we can decompose the SAM density of the SP into two contributions: one from the electromagnetic field and one from the kinetic motion of the electron gas:
Note that the magnetic field of the SP does not contribute to the SAM because it does not rotate but just oscillates linearly. The electron gas in the film undergoes kinetic motion and possesses angular momentum, which magnetizes the film. To determine the magnetization, we multiply the electron contribution to the SAM by the gyromagnetic ratio [24] :
From Eqs. (9), (4), and (3a), we obtain the expressions for the electric fields in the metal (|x| < d/2). The antibinding mode and the binding mode are respectively and
Note that we have regularized the electric-field vectors by multiplying them by kΦ 0 , where Φ 0 is the strength of the electric field. We use Eqs. (14) and (15) to evaluate Im E * × E and find
where the superscripts ± on the right-hand side ± represents the antibinding mode and the binding mode [e.g.K ± i = K i (k, ω ± )], respectively. The vector u y is the unit vector in the +y direction. The fact that both modes have the same SAM expression stems from the spin-momentum locking of evanescent waves localized near interfaces [2] . For both the antibinding mode and the binding mode, the decay direction of the wave on the lower interface is opposite that on the upper interface, whereas the waves on the lower and upper interfaes propagate in the same direction. The spin direction of a localized electric field can thus be uniquely determined by the decay direction and the propagation direction.
To proceed to calculate the magnetization, we use the Drude free-electron model for the permittivity of the metal:
From Eqs. (13), (16) , and (17), we can obtain the magnetization induced by a SP in a metallic film:
where we used
. Note that a larger magnetization is generated in the thinner film because of the exponential term e −K ± m d .
Electron-spin current pumped by surface plasmons on metallic film
The spin diffusion equation [25] in the presence of the source current j sou
where the spin diffusion constant D s ≡ λ 2 s /τ , with λ s being the spin diffusion length, and τ the relaxation time.
We now study whether spin accumulation δµ, which drives spin currents, is generated by the source term that stems from the SP-induced magnetization gradient:
Here we focus on the stationary state of the system. The stationary diffusion equation can be obtained by eliminating the time-derivative term and by substituting the expression for the source term Eq. (21) into Eq. (20) . The result is
The stationary solution to this differential equation is This is the spin accumulation induced by the SPs in the metallic film. The resonance conditions are given by
which is determined both by the wavenumber of the SPs k and by the spin diffusion length λ s of the metal. In addition, the resonance condition depends on the SP modes and on the thickness of the film because K m is a function of ω = ω ± (k, d), where ω + and ω − are different in general. The diffusive spin current driven by the SP-induced spin accumulation Eq. (23) is
FIG . 4 shows the diffusive spin current near the upper interface as a function of wavenumber and for various film thicknesses. The resonance conditions are clearly observed when the sign of the spin currents is flipped. This result implies that the direction of the spin current can be controlled by tuning the wavelength of the SPs and/or the spin diffusion length of the metal. Finally, we estimate the magnitude of the driven spin currents. For both the binding and the antibinding modes, the magnetization M is of the order of 10 −3 G ≈ 10 −6 T when Φ 0 = 10 −4 statV, which is equivalent to the electric field of a laser with an intensity of 10 mW/cm 2 and a focal-spot size of 10 4 µm 2 . A decay length for SPs on the order of 100 nm gives a magnetization gradient ∇M y ∼ 1 100 × 10 −9 × 10 −6 = 10 T/m
The source term j sou s ≈ 10 5 A/m 2 . Thus, for the binding mode, the resonance coefficient (2Kmλs) 2 (2Kmλs) 2 −1 ∼ 100 at one of the peaks (k = 83127.7 cm −1 , λ s = 60 nm) for the binding mode, so the driven spin current j s is of the order of 10 7 A/m 2 , which is large enough to detect by the inverse spin Hall measurement [26] .
With decreasing film thickness, the magnetization gradient becomes steeper because of the strong hybridization of the SPs, thereby driveing a larger spin current at least within the low wavenumber region. On the other hand, in the high wavenumber region, the SPs will be damped by several mechanisms such as interband transitions, electron-electron and electron-phonon interactions, and surface scattering [27] [28] [29] [30] . In order to take these effects into consideration, further analysis with quantum mechanical treatment is needed, which we leave for future works.
Conclusion
In conclusion, we derived the eigenmodes of surface plasmons (SPs) in a thin-film system and calculated their spin angular momentum. Solving the spin diffusion equation in the presence of the SPs reveals that spin current is generated by the SPs in the thin film. The spin current is resonantly driven when a resonance condition is satisfied, which occurs when the polarization of the driven spin current flips. At one resonance condition (for the binding mode, k = 83127.7 cm −1 , λ s = 60 nm), the driven spin current is about 10 7 A/m 2 , which can be detected by an inverse spin Hall measurement. The SPs become more strongly hybridized in thinner films and thereby generate a steeper magnetisation gradient, which increases the driven spin current. These results should serve to connect the fields of plasmonics and spintronics. . For these plots, x = d/2, and ω p = 2.1 × 10 15 Hz and i = 2.25 as in all previous figures and Φ 0 = 1 for simplicity. Note that the plot range of the spin current goes from −1.0×10 6 statA/cm 2 to 1.0×10 6 statA/cm 2 because the peak value of the current is so large. The spin currents are resonantly driven when the resonance conditions are met, which occurs when the sign of the spin current flips. A larger spin current is generated for thinner films.
